Mammalian ovarian follicular development and maturation of an oocyte competent to be fertilized and develop into an embryo depends on tightly regulated, spatiotemporally orchestrated crosstalk among cell death, survival, and differentiation signals through extra-and intraovarian signals, as well as on a permissive ovarian follicular microenvironment. Neuregulin-1 (NRG1) is a member of the epidermal growth factor-like factor family that mediates its effects by binding to a member of the erythroblastoma (ErbB) family. Our experimental results suggest gonadotropins promote differential expression of NRG1 and erbB receptors in granulosa cells (GCs), and NRG1 in theca cells during follicular development, and promote NRG1 secretions in the follicular fluid (FF) of rat ovaries. During the estrous cycle of rat, NRG1 and erbB receptors are differentially expressed in GCs and correlate positively with serum gonadotropins and steroid hormones. Moreover, in vitro experimental studies suggest that the protein kinase C inhibitor staurosporine (STS) causes the physical destruction of GCs by the activation of caspase-3. Exogenous NRG1 treatment of GCs delayed onset of STS-induced apoptosis and inhibited cleaved caspase-3 expressions. Moreover, exogenous NRG1 treatment of GCs alters STS-induced death by maintaining the expression of ErbB2, ErbB3, pAkt, Bcl2, and BclxL proteins. Taken together, these studies demonstrate that NRG1 is gonadotropin dependent, differentially regulated in GCs and theca cells, and secreted in ovarian FF as an intracellular survival factor that may govern follicular maturation. (Endocrinology 158: 3647-3660, 2017) 
M ammalian granulosa cells (GCs) are multilayered somatic cells residing within the ovarian follicle that supports oogenesis through proliferation, differentiation, and interactive communications. These events are under the control of endocrine factors, including gonadotrophins [i.e., follicle-stimulating hormone (FSH) and luteinizing hormone (LH)] (1). FSH and LH bind to their membrane receptors, which leads to a broad signaling network, including G-protein mediated activation of adenylate cyclase and subsequent production of cyclic adenosine monophosphate that, in turn, activates protein kinase A (2) . During these processes, GCs produce and secrete multiple autocrine and paracrine factors, including epidermal growth factor (EGF)-like peptides (amphiregulin, epiregulin, and betacellulin) (3) (4) (5) (6) (7) (8) and steroid hormones [estradiol (E2) and progesterone (P4)] that play an important role as regulators of oogenesis and folliculogenesis (9) . The gonadotropin-induced production of EGF-like peptides leads to a transactivation of EGF receptor (EGFR) (10) as these peptides bind to a classical EGFR/the v-erb-b avian erythroblastic leukemia viral oncogene homolog in the erythroblastoma (ErbB) family of receptor proteins (ErbB1). Then, the ErbB receptor activates its intrinsic tyrosine kinase and downstream signaling cascades, including mitogen-activated protein kinase (MAPK)-3/1 (ERK1/2), MAPK14 (p38-a), and phosphoinositide-3-kinase/v-akt murine thymoma viral oncogene homolog (PI3K/PKB, AKT) pathways (8, 11) . There is accumulating evidence that also suggests EGF-like peptides act as a key regulator of follicular development in mammals (12) (13) (14) (15) .
Neuregulin-1 (NRG1) is a member of the EGF-like factor family that mediates its effects by binding to a member of ErbB family. ErbB3 and ErbB4 are two bona fide receptors for NRG1 (16) . Upon NRG1 binding with ErbB3 or ErbB4 receptors, the bound molecules undergo heterodimerization with ErbB2, or ErbB3 heterodimerizes with ErbB4 and ErbB4 homodimerizes itself (17, 18) . The receptor dimerization is followed by autoand trans-phosphorylation of intracellular tyrosine residues and recruitment of an adaptor protein (PI3K/Akt and MAPK) cascade to participate in ErbB signaling to govern distinct cell-fate decisions (19) . ErbB3 is a nonautonomous receptor with an impaired tyrosine kinase domain; thus, homodimers are catalytically inactive (20) . The ligandless ErbB2 receptor always exists in an untethered conformation, poised to dimerize with another receptor; therefore, it acts as the preferred heterodimerization partner of all other ErbB family members (21) .
NRG1 plays essential roles in the nervous system, heart, and mammary glands (22, 23) . Indeed, a growing body of experimental evidence suggests that Nrg1 is expressed in the brain of embryonic and adult mice (24) (25) (26) (27) , major endocrine glands of rhesus monkey (Macaca mulatta) (28), gonadotropin-dependent mice mural GCs of periovulatory follicles (29) and mouse testis (30, 31) , and newt (Cynops pyrrhogaster) testis (32) . Functional roles of NRG1 in mice suggest that NRG1 expression in GCs during ovulation enhances AREGinduced ERK1/2 phosphorylation and P4 production, and supports oocyte maturation (29, 33) . Recent studies in male mice suggest LH-induced expression of NRG1 directly drives the proliferation of Leydig cells in the testis and supports the production of androgen to maintain spermatogenesis and sexual behavior of adult male mice (30) . Similar studies in newts suggest that NRG1 plays a pivotal role in promoting spermatogonial proliferation by both direct effect on spermatogonia and indirect effect via somatic cells in testes (32) .
Despite this evidence, there is a substantial gap in our knowledge about gonadotropin-dependent NRG1-and ErbB-receptor expression and modulation of GC survival. Therefore, in the current study, we first determined the gonadotropin-dependent expression pattern of NRG1 and ErbB receptors in undifferentiated rat GCs and ovaries, and NRG1 expression in theca cells and secretions in follicular fluid (FF). NRG1-and ErbBreceptor expressions were analyzed in GCs and ovaries during the rat estrous cycle and correlated with levels of circulating reproductive hormones. Subsequently, we determined whether the gain of NRG1 impacted the apoptosis induced by the protein kinase C inhibitor staurosporine (STS) in a rat ovarian GC model (34, 35) .
Materials and Methods

Animals
Sprague-Dawley rats (female; 20 to 21 days old or 55 to 60 days old) were purchased from Charles River Laboratories (Charleston, SC). Animals were given food and water ad libitum and kept under a regular day/night cycle (12 hours of light, 12 hours of darkness), which was maintained automatically with lighting changes occurring at 06:00 and 18:00. All animal care procedures in this study were approved by the Institutional Animal Care and Use Committee in accordance with the guidelines of the National Institutes of Health (NIH) and the US Department of Agriculture, and approved by the Morehouse School of Medicine Animal Care and Use Committee.
Estrous cycle determination
The estrous cycles [diestrus (D), predominantly leukocytes; proestrus (P), clusters of round, well-formed nucleated epithelial cells; estrus (E), densely packed cornified squamous epithelial cells; and metestrus (M), predominantly small leukocytes with cornified squamous epithelial cells] of rats 55 to 60 days old and weighing ;230 to 250 g were tracked daily by cytological analysis of vaginal smears, using crystal violet staining at 09:00 and 12:00 (36) . Only rats showing at least two consecutive 4-day cycles were used in the experiments. Rats undergoing a stage change into D, P, E, or M within this time were euthanized. This regimen precisely determined the initial onset of the estrous stage and minimized any intrastage variation. To validate the accuracy of stage determination, vaginal smears were also obtained at the time the rats were euthanized.
Hormone treatment
Immature rats (23 days old) were injected subcutaneously with 10 IU of pregnant mare serum gonadotropin (PMSG; Sigma-Aldrich) at 0, 4, 8, 24, and 48 hours with 0.10 mL of 0.9% sodium chloride to stimulate and synchronize follicular growth. Parallel control groups of rats were injected with 0.10 mL of 0.9% NaCI, and all the steps used in the PMSGtreated groups were followed.
Collection of samples
After completion of hormone (i.e., PMSG) treatments of immature rats and estrous cycle determination in cycling rats, the animals were anesthetized with isoflurane inhalation and cardiac puncture was performed to collect blood samples into serum separator tubes (BD, New Jersey). The serum was separated by centrifugation (6000g for 20 minutes) and stored at 280°C until assayed for hormone levels. Then the ovaries were excised, being careful to avoid damage to the ovarian surface epithelium. After excision, GCs were isolated (34) from the left-side ovaries of these animals and stored at 280°C until use for immunoblot analysis. The right-side ovaries of these animals were fixed for 24 hours in 4% (weight-to-volume ratio) buffered formalin, dehydrated in 70% (volume-to-volume ratio) ethanol, embedded in paraffin, and stored at room temperature until immunohistochemical (IHC) processing was performed.
For FF isolation, the preovulatory follicles were dissected from PMSG-treated rat ovaries at 24 and 48 hours. The FF was collected by hemisecting the isolated follicles with a scalpel blade in serum-free medium, which consisted of 15 mM HEPES, pH 7.4, Dulbecco's modified Eagle's medium/F-12 with transferrin (5 mg/mL), human insulin (2 mg/mL), hydrocortisone (40 ng/mL), and antibiotics (8 to 10 follicles per 0.2 mL). This hemisection released the FF into the medium. The solid tissue was discarded. The medium was collected and centrifuged at 1500 rpm for 10 minutes at 4°C to remove cellular debris. The supernatant containing FF was collected and stored frozen at 280°C until assayed.
GC culture and treatment with FSH
Primary GCs were isolated from sexually immature (23 to 25 days old) rat ovaries, then cultured and treated with FSH (10 and 100 ng/mL for 24 hours; National Hormone and Peptide Program oFSH; NIH) as described previously (34, 37) . GCs from immature rats are referred to as undifferentiated because they lack functional LH receptors and do not produce E2 or P4 under basal conditions, and these GCs have not been exposed to pubertal cyclic gonadotrophins. However, these cells respond to FSH with respect to the production of cyclic adenosine monophosphate and induction of LH-receptor activation of the E2 and P4 biosynthetic pathways (38) . Live cell phase photographs were taken via inverted microscope at 3200 magnification 24 hours after treatment.
Induction of apoptosis and treatment of recombinant NRG1
GC apoptosis was induced in serum-free medium in the presence of STS (1 mM; Sigma-Aldrich) with or without recombinant NRG1 (EGF-like domain;10 and 100 ng/mL; R&D Systems, Minneapolis, MN) for 3 hours. STS concentration and time response were used based on our previous experiments (34, 35) . Live-cell phase-contrast pictures were taken to assess the survival status of GCs at 3 hours posttreatment. The percentage of apoptosis was determined by nuclear staining with Hoechst 33248 stain (12.5 ng/mL; SigmaAldrich) (34, 39) . At least 250 to 300 cells were counted for each data point.
Western blot analysis
GC protein extracts were obtained from different treatment conditions and subjected to one-dimensional gel electrophoresis and western blot (WB) analysis (34) . For one-dimensional gel electrophoresis, equal amounts of protein (25 mg) were applied to each lane. Primary antibodies were used as described in Table 1 . Membranes were incubated with the appropriate secondary antibodies for 2 hours at room temperature, and antibody binding was detected by chemiluminescence (Pierce, Rockford, IL). Results of representative chemiluminescence were scanned and densitometrically analyzed using a Power Macintosh Computer (G3; Apple Computer, Cupertino, CA) equipped with a Scan Jet 6100C Scanner (Hewlett-Packard, Greeley, CO). Quantification of the scanned images was performed using NIH Image version 1.61 software (NIH, Bethesda, MD) (34).
Immunohistochemistry
Paraffin-embedded rat ovaries were serial sectioned (n = 10; 7-mm thick) from each individual ovary per rat (n = 3 rats per sample), deparaffinized in xylene washes, rehydrated, and quenched with 3% hydrogen peroxide in methanol; nonspecific sites were blocked with 20% (volume-to-volume ratio) nonimmune serum/phosphate-buffered saline, and then incubated with primary anti-NRG1 antibody (1:200 dilution) for immunolocalization of NRG1. Finally, ovarian sections were incubated with secondary antibody Alexa Fluor 555-conjugated goat anti-rabbit immunoglobulin G (2 mg/mL; Molecular Probes) and subsequently incubated in 4 0 , 6-diamidino-2-phenylindole (1 mg/mL for 15 minutes). After thorough rinsing, cover slips were mounted on slides with Vectashield mounting medium (Vector Laboratories, Burlingame, CA). Negative controls were performed omitting the primary antibody or using an isotope-matched control antibody derived from the same species. Mounted slides were examined using an Olympus BX41 microscope equipped with an Optronics Magnifier digital camera and Prior Proscan motor-driven stage (Olympus, Melville, NY). Alexa Fluor 555 has a profile similar to Texas Red stain. For each image, specific antibody staining was merged with nuclear staining (blue) using Soft Imaging System software (Olympus) that caused virtually no pixel shifting during image merging and resulted in shades of red and blue. Representative photomicrographs were arranged using Adobe PhotoShop (Adobe Systems, San Jose, CA) without any further adjustment to maintain the true nature of the findings. Fluorescence intensity of GCs and theca cells in preantral, small antral, and large antral follicles were determined using ImageJ software (NIH).
Serum hormones analysis
Serum FSH, LH, P4, and E2 concentrations were measured by the ligand assay and analysis core at the Center for Research in Reproduction, University of Virginia. The limits of detection of the assays are as follows: FSH, 0.9 to 44 ng/mL; LH, 0.07 to 74.8 ng/mL; E2, 12 to 1000 pg/mL; and P4, 0.1 to 23 ng/mL. Samples below the assay threshold were assigned the threshold value. Detailed information on the hormone analyses is available at https://med.virginia.edu/research-in-reproduction/ ligand-assay-analysis-core/.
Statistical analysis
All experimental data are expressed as mean 6 standard error of the mean of three independent experiments; each was replicated. Statistical analysis was carried out by one-way analysis of variance using SPSS version 11.0 (IBM, Armonk, NY). Multiple comparisons were done by Newman-Keuls test. Differences were considered significant at P # 0.05. The correlation coefficient between NRG1 and ErbB receptors, E2, and P4 were determined by linear regression analysis.
Results
Gonadotropin-dependent expression of NRG1 and ErbB receptors in GCs
To determine whether NRG1-and ErbB-receptor expression is gonadotropin dependent, immature rats were treated with PMSG for different lengths of time. Then, NRG1-and ErbB-receptor expression levels were analyzed in GCs by WB. The temporal expression pattern of NRG1 and ErbB receptors was differential in GCs in response to PMSG treatment [ Fig. 1(a) ]. There was significant upregulation of NRG1, ErbB1, ErbB2, and ErbB3 at 4, 8, 24, and 48 hours after PMSG treatment. In contrast to ErbB1, ErbB2, and ErbB3 receptors, ErbB4 did not change its expression at 4 and 8 hours after PMSG treatment, whereas it was significantly upregulated at 24 and 48 hours after PMSG treatment. Furthermore, correlation analysis between NRG1 and ErbB1 (Y = 1.805 3 X + 9.302; R 2 = 0.5709; F = 17.29; P , 0.001) and ErbB3 (Y = 1.4821 3 X 2 1.7342; R 2 = 0.7226; F = 33.86; P , 0.001) receptors showed a significantly strong positive correlation under these experimental conditions. In light of the dynamic changes in NRG1 expression during follicular development, IHC analysis was used to directly reveal a cell-specific pattern of NRG1 expression in the context of intact ovary from PMSG-treated rats. Interestingly, remarkable temporal and spatial differences were evident in the pattern of expression of NRG1 in ovarian tissue sections of PMSG-treated rats [ Fig. 1(b) and 1(c)]. At 24 hours after PMSG treatment, NRG1 immunostaining was predominantly confined to the theca-interstitial cells and oocytes, whereas the GCs showed a low or diffuse gradient-like expression pattern within the preantral and small, and large antral follicles. At 48 hours after PMSG treatment, NRG1 immunofluorescence was strong and confined to GCs, and there was a belt-like staining of the theca-interstitial cells within the small and large antral follicles, whereas there was a strong immunostaining within the theca-interstitial cells and a diffuse gradient-like expression pattern within GCs in the preantral follicles. Interestingly, at 48 hours after PMSG treatment, the oocyte was clearly devoid of NRG1 in preantral and small and large antral follicles. Also, NRG1 immunostaining was found in the cytoplasm of GCs and theca-interstitial cells within the follicles. These IHC analyses revealed that NRG1 protein was heterogeneously expressed during gonadotropin-stimulated follicular maturation.
Gonadotropin-dependent secretions of NRG1 in FF
FF is the secretory product of GCs, theca cells, and blood plasma that provides an important microenvironment for the development of oocytes. Therefore, we analyzed gonadotropin-dependent secretion of NRG1 in the FF. PMSG treatment in immature rats had timedependent, significant stimulatory effects on NRG1 secretions in the FF [ Fig. 2(a) 
FSH-dependent expression of NRG1 in GCs
To determine the direct effects of gonadotropin on NRG1 expression in GCs, we examined the dosedependent effects of FSH on NRG1 expression in GCs. As shown in phase-contrast photomicrographs [ Fig. 2(b) ], GCs have a fibroblastic appearance in vitro in serum-free medium (control GCs), and were altered in Differential expression pattern of NRG1 and ErbB receptors during the estrous cycle The pubertal activation of the female reproductive endocrine axis is the start of cyclical events that directly influence the function and anatomy of the pituitary, ovary, uterus, external genitalia, and the mammary glands. Therefore, we investigated NRG1-and ErbB-receptor expressions in GCs during the estrous cycle of rat and correlated the expression with concentrations of serum gonadotropins and steroid hormones.
As shown in Fig. 3(a) , the serum FSH concentration was significantly highest in the P stage and lowest in the M and D stages. Serum LH concentration was higher in P, E, and M stages. As expected, a profound surge in serum E2 occurred during the P stage and lowest concentration was measured in the M stage [ Fig. 3(b) ], whereas P4 concentration was highest during M stage. There was no significant difference in P4 concentrations during the D, P, and E stages.
Next, we examined the expression pattern of NRG1 and ErbB receptors throughout the estrous cycle in GCs. NRG1 and ErbB receptors were differentially expressed throughout the estrous cycle [ Fig. 3(c) and 3(d) ]. There was significant upregulation of NRG1 during the P and M stages, whereas ErbB1-and ErbB4-receptor concentrations were significantly higher in the E and M stages. Interestingly, ErbB3-receptor concentration was significantly higher during the P, E, and M stages, and higher than ErbB1-, ErbB2-, and ErbB4-receptor concentrations. Moreover, compared with the ErbB3 receptor, the NRG1 showed a strong positive Figure 2 . (a) Gonadotropin-dependent secretions of NRG1 in FF. Immature rats (23 days old) were treated with or without PMSG for 24 and 48 hours (n = 3 rats per time point). FF was collected from two ovaries per rat per sample and analyzed for NRG1 protein concentrations by WB. (b, c) Gonadotropin-dependent expressions of NRG1 in rat GCs. Undifferentiated GCs were isolated from two ovaries per rat per sample and grown in culture dishes. Thereafter, GCs were treated either with or without FSH (10 and 100 ng/mL) for 24 hours. Parallel control GCs were maintained without any treatments. (b) Representative phase photomicrographs of live cells were taken under an inverted microscope at 3200 magnification at 24 hours after treatment in the absence or presence of FSH. (c) Representative WB analysis of protein levels of NRG1 in GCs cultured from two ovaries per rat per sample, and treated with or without FSH for 24 hours. Equal amounts of protein were applied to each lane. a-Tubulin was used as an internal control. Bar diagram represents the densitometric analyses of NRG1 in WB of three independent experiments. Data given as mean 6 standard error of the mean. *P # 0.05 with control group. C, parallel control. correlation during the rat estrous cycle. Interestingly, ErbB2 concentration was lower than that of ErbB1, ErbB3, and ErbB4 receptors but was significantly higher in the P, E, and M stages of estrous cycle.
Furthermore, IHC staining of NRG1 in rat ovarian sections during the estrous cycle demonstrated significant differences in temporal and spatial expression patterns of NRG1. As shown in Fig. 3(e) , NRG1 immunostaining had a belt-like signaling appearance in the thecainterstitial cells at P and E stages, whereas the GCs showed a differential, gradient-like expression pattern within the preantral and small and large antral follicles. 0 ,6-diamidino-2-phenylindole (blue). All numerical values are represented as mean 6 standard error of the mean of three independent experiments. A total three rats per stage of estrous cycle were used. *P # 0.05 among the group. a, antrum; o, oocyte; TIC, theca-interstitial cell.
Interestingly, oocytes showed more intense fluorescent signals in antral follicles in the E stage. In the M stage, the corpus luteum showed intense NRG1 immunostaining. However, the D stage showed a weak diffuse pattern of NRG1 immunostaining in GCs of primary follicles and lacked the strong, belt-like NRG1 immunostaining in the theca-interstitial cells.
Exogenous NRG1 treatment inhibited activation of cleaved caspase-3 in GCs
FSH-dependent growth and differentiation of GCs support follicle maturation. In this process, many of the signaling pathways orchestrate ovarian follicle development through GC survival. To elucidate the role of NRG1 in GC survival, immature rat GCs were grown to 95% to 100% confluence, and treated with STS (1 mM) for 3 hours in exogenous recombinant NRG1-pretreated (for 24 hours) or -cotreated GCs in serum-free medium (34, 35) . STS has been extensively used in vitro at higher (micromolar) concentrations as an initiator of apoptosis in many different cell types, whereas at lower (nanomolar) concentrations, STS acts as an inhibitor of protein kinase C (34, 35, 40, 41) . GCs treated with STS showed significantly high numbers of cells with apoptotic morphology exhibiting cell detachment; loss of cell processes; membrane shrinkage, as evidenced by curling of cells; and formation of apoptotic bodies when compared with the control group [ Fig. 4(a) ]. At 3 hours after STS exposure, 50% 6 3% of GCs displayed apoptotic morphology compared with parallel control cells (2% 6 0.3%; P , 0.05). Both doses of NRG1-pretreated (24 hours) GCs, and the lower-dose (10 ng/mL) NRG1-cotreated GCs with STS treatment showed significantly higher numbers of cells with apoptotic nuclear morphology when compared with the control (i.e., untreated) group [ Fig. 4(a) ]. Interestingly, the higher dose (100 ng/mL) of NRG1-cotreated GCs with STS treatment showed significantly fewer cells with apoptotic nuclear morphology when Figure 4 . Effects of exogenous treatment of NRG1 on PKC inhibitor STS-induced apoptosis in undifferentiated rat GCs. Undifferentiated GCs were isolated from two ovaries per rat per sample and grown in culture dishes. Thereafter, GCs were pretreated with NRG 1 for 24 hours, then treated with STS (1 mM) for 3 hours in serum-free medium, or GCs were cotreated with NRG 1 along with STS (1 mM) for 3 hours in serum-free medium. (a) STS induced morphological changes in presence or absence of NRG1 in GCs. Representative phase photomicrographs of live cells were taken under an inverted microscope at 3200 magnification at 3 hours after treatment with STS in NRG1-pretreated or cotreated groups. (b, c) Representative WB analysis of STS-induced active caspase-3 expressions in (b) NRG1-pretreated or (c) NRG1-cotreated GCs for 3 hours. Equal amounts of protein were applied to each lane and WB analyzed for active caspase-3 expressions. a-Tubulin was used as an internal control. Bar diagrams represent the densitometric analyses of protein in WB from three independent experiments that were performed for each individual group. Data given as mean 6 standard error of the mean. *P # 0.05. compared with STS alone or with NRG1-pretreated (24 hours) and lower-dose (10 ng/mL) NRG1-cotreated groups.
Caspase-3 is a potent effector caspase that targets several specific cellular proteins, causing a number of changes associated with cell death. Therefore, the effect of the exogenous recombinant NRG1 treatment on active caspase-3 expression was evaluated by WB in the STStreated (3 hours) GCs with or without NRG1 in the pretreated (for 24 hours) or cotreated condition. At the higher dose (100 ng/mL), NRG1-cotreated GCs with STS treatment showed significantly lower expression of active caspase-3 when compared with STS alone or with the NRG1-pretreated (10 and 100 ng/mL for 24 hours) and lower-dose (10 ng/mL) NRG1-cotreated groups [ Fig. 4(b) and 4(c)]. These results were corroborated by GC morphological analysis in the presence or absence of NRG1 with STS treatment [ Fig. 4(a) ]. Based on these results, we selected the 100 ng/mL NRG1 cotreatment dose with STS treatment of 3 hours for all other experimental studies.
Based on the results shown in Fig. 4 , undifferentiated GCs were cotreated with NRG1 in the presence or absence of STS, and the percentage of apoptosis was determined by nuclear staining with Hoechst 33248 stain. The exogenous cotreatment of NRG1 provided marked inhibition against STS-induced apoptosis [ Fig. 5(a) ], in agreement with the morphological differences observed under these experimental conditions. To explore the mechanism by which NRG1 prevents apoptosis in undifferentiated GCs treated with STS, we examined the relative expression levels of pro-and antiapoptotic proteins in the Bcl family. There were significantly enhanced levels of Bax and Bak, and decreased levels of Bcl2 and Bclxl protein expression in STStreated GCs [ Fig. 5(b) ]. Interestingly, when GCs were cotreated with NRG1 in the presence of STS, there was significantly less inhibition of Bcl2 and Bclxl levels, and less increase of Bax and Bak levels compared with that of the STS-treated parallel group. These results were corroborated by the quantitative expression analysis as represented by Bax-to-Bcl2, Bax-to-Bclxl, Bak-to-Bcl2, and Bak-to-Bclxl ratios and active caspase-3 expression [ Fig. 5(c) ]. The Bax-to-Bcl2, Bax-to-Bclxl, Bak-to-Bcl2, and Bak-to-Bclxl ratios were significantly two-to threefold lower in STS-treated GCs in presence of NRG1.
It has been demonstrated that NRG1, via ErbB receptors, activates downstream effectors, including Akt and Erk (19) . Therefore, we explored whether STStreated GCs in the presence of NRG1 affect phosphorylation of Akt and Erk. Treatment of GCs with NRG1 stimulated the phosphorylation of Akt but not Erk [ Fig. 5(d) ]. STS treatment significantly inhibited phosphorylation of Akt and Erk in GCs [ Fig. 5(d) ], whereas Akt phosphorylation was maintained in GCs treated with STS in the presence of NRG1. However, treatment with NRG1 did not maintain the phosphorylation of Erk in the presence of STS [ Fig. 5(d) ].
ErbB3 and ErbB4 are two bona fide receptors for NRG1. Therefore, we analyzed ErbB2-, ErbB3-, and ErbB4-receptor expression patterns under these experimental conditions. STS treatment significantly inhibited ErbB2, ErbB3, and ErbB4 expression in GCs [ Fig. 5(e) ]. Treatment of GCs with NRG1 alone stimulated the levels of ErbB2, ErbB3, and ErbB4 compared with those of the controls. Importantly, treatment of GCs with STS in the presence of NRG1 prevented the STS-induced inhibition of ErbB2 and ErbB3 expression.
Discussion
Gonadotropins regulate folliculogenesis in the ovary as a recurring set of events that culminates in the ability to produce steroid hormones and fertile ova. To achieve success in these events, GCs, along with theca cells, act harmoniously to elicit an orchestrated temporal expression pattern of steroidogenic enzymes, which determines the ovarian production of androgens P4 and E2 (9, 37, (42) (43) (44) through multiple molecular coordination including EGF family members (4, 5, 7, 29, 33, 45) . Following this rationale, our attempt to reveal the nature of the ovarian functional cycle focused on characterization of NRG1-and ErbB-receptor expression patterns during the process of follicular development.
In light of the earlier observation that gonadotropindependent secretion of E2 and P4 with ovarian follicular maturation (46, 47) , we evaluated serum steroid levels along with the expression patterns of the NRG1 and ErbB receptors, which are implicated in the regulation of folliculogenesis (29, 33) . Our results demonstrate a rapid and dynamic change in NRG1-and ErbB-receptor expression in GCs during follicular development. The biphasic patterns of NRG1 expression in response to PMSG were corroborated by ErbB3-receptor expression in GCs. Interestingly, the immediate response of GCs to gonadotropins on NRG1-, ErbB1-, ErbB2-, and ErbB3-receptor expression, but not ErbB4-receptor expression, was readily observed at 4 and 8 hours. Moreover, IHC localization of NRG1 of gonadotropin-primed ovaries suggests that NRG1 expression in GCs, interstitial cells, and theca cells may be involved in proliferation, differentiation, and maturation of follicles (29, 33) . In this respect, NRG1 expression in GCs and ovarian follicles probably resembles a similar scenario characterizing the constitutively active testicular spermatogonial and Sertoli cells, in which NRG1 is upregulated in response to FSH (31) . Also the in vitro results of our study showed FSH-dependent expression of NRG1 in GCs. These results further indicate that the gonadotropin-dependent local production of NRG1 plays an important role in regulating the function of GCs similar to that of other EGF family members (4, 5, 7) . Of note, the NRG1 gene encodes multiple isoforms, which are produced through alternative splicing and promoter use (48) ; however, these variants differ in their N-terminal sequence and all the variants share a conserved EGF-like domain that is responsible for receptor activation (48, 49) . It has been demonstrated that the final phase of follicular growth and maturation is driven by FSH through a sharp increase in EGFR expression in GCs (50) . FSH also is known to induce expression of LH receptors in the GCs (38) , permitting them to release EGFR ligands in response to preovulatory LH. By coordinating receptor expression and ligand release, FSH endows fully grown follicles with the capacity to activate EGFR signaling at ovulation (50) . Thus, our results suggest that PMSG promotes follicular development through EGF-ligand NRG1 and ErbB receptors that may support remodeling of the late follicular environment for an efficient and coordinated response to ovulatory signals (50) .
Interestingly, during the estrous cycle, NRG1 expression in preantral, antral, or preovulatory follicles is also increased with ovarian development; this was corroborated by serum gonadotropin levels and is in agreement with other EGF factors (4, 5, 7, 45) . Our study also provided evidence that NRG1 is expressed and localized within the GCs of follicles, oocytes, and corpus luteum during the rat estrus cycle. These results indicate increases in NRG1 protein expression are correlated with events associated with follicular development. Moreover, our results strongly suggest that gonadotropin-dependent expression of ErbB3 may be a possible binding partner of NRG1 to heterodimerize with the ErbB2 receptor during follicular maturation.
Our study findings suggest that the exogenous treatment of NRG1 abrogated STS-induced activation of caspase 3 by preventing the expression of two major proapoptotic factors, Bax and Bak, most likely acting through ErbB3 by downstream activation of the pAkt/pErk-Bcl2/Bclxl pathway in undifferentiated GCs (51) (52) (53) . As a result, NRG1 preserved the viability of GCs by tilting the balance in favor of survival. The apoptosisinhibiting effects of Bcl2 and Bclxl are counteracted by the proapoptotic proteins Bax and Bak. Any imbalance of the Bax and Bak versus Bcl2 and Bclxl ratios tilts the scales toward cell death and sensitized cells to a wide variety of cell-death stimuli, including all chemotherapeutic drugs, radiation, hypoxia, or growth factor withdrawal, and enhances the resistance of cells to the cytotoxic effects (35, (54) (55) (56) (57) (58) (59) . Interestingly, ectopic Bcl2 overexpression in sensitive cell lines prevented the triggering of apoptotic stimuli, thereby supporting the role of the Bax/Bcl-2 rheostat as a key checkpoint (55, 60) . The broad resistance to cell death, occurring upon the intracellular balance of the Bax-to-Bcl2, Bax-to-Bclxl, Bakto-Bcl2, and Bak-to-Bclxl ratios, has potential relevance for cell behavior, including cell invasion, adhesion, or metastatic potential (54) .
Our results demonstrate that treatment with NRG1 stimulated the phosphorylation of Akt, which was not inhibited by cotreatment with STS. Akt is involved in induction of the antiapoptotic Bcl2 factors as an adaptive response to cellular stress (61) . Moreover, our results indicated that NRG1 treatment maintained ErbB2 and ErbB3 expression in the GCs, corresponding to the increased survival of GCs, and may be related to downstream signaling events mediated by ErbB2 and ErbB3 compared with the STS-treated GCs. Downstream signaling for ErbB3 primarily involves PI3K/Akt, and ErbB3 is required for survival, proliferation, and differentiation of other cells, potentially through PI3K signaling (6, 29, 35, (62) (63) (64) . Currently, there are data available to support the physiological functions for NRG1-induced ErbB2 and ErbB3 signaling (65, 66) during the development of the sympathetic nervous system in mice (67) and the upper spinous layers of the skin (68); in preservation of differentiation of human trophoblasts and inhibition of apoptosis (65, 66) ; and balance between luminal and basal breast epithelium (69) . The homozygous deletions of ErbB2, ErbB3, and NRG1 result in embryonic lethality, a phenotype often accompanied by placental defects (26, 70, 71) . The loss of ErbB3 decreased PI3K/ Akt signaling and impaired mammary epithelial cells along with luminal lineage (69) , and promoted attenuation of tumorigenesis via a tumor-specific increase in caspase-3-mediated apoptosis (72) . In human trophoblasts, receptor knockdown and neutralization experiments revealed that both ErbB2 and ErbB3 are involved in NRG1-mediated activation of Akt1 (65, 66) . In the current study, we show that NRG1 treatment supports GC survival. Whether the PI3K/Akt signaling pathway is mechanistically linked to ErbB2 and ErbB3 expression and GC survival requires further investigation. In conclusion, our results suggest that gonadotropins promote expression of NRG1 in GCs and theca cells, ErbB receptors in GCs, and secretion of NRG1 in the FF. Interestingly, exogenous NRG1 stimulated the phosphorylation of AKT and the expression of ErbB receptors. The ability of NRG1 to reduce STS-induced GC death was associated with the maintenance of ErbB2 and ErbB3 expression and cell survival signaling proteins. This study suggests that NRG1 serves as a survival factor that may govern follicular maturation.
